chromatography-tandem mass spectrometry (mass spectrometry/mass spectrometry); SRM, selected reaction monitoring; CNL, constant neutral loss; CID, collision induced dissociation.
Abstract
Human exposure to polycyclic aromatic hydrocarbons (PAHs) from sources such as industrial or urban air pollution, tobacco smoke and cooked food is not confined to a 
Introduction
Polycyclic aromatic hydrocarbons (PAHs) represent a group of structurally related organic compounds, formed primarily by the incomplete combustion of organic matter, which are ubiquitously occuring environmental contaminants [1] [2] [3] [4] [5] [6] .
Benzo [a] pyrene (B[a]P) has been extensively used as a model compound for studying the mechanism of biological action and assessment of exposure to PAHs 7 . However human exposure to PAHs is not confined to a single compound but instead occurs as complex mixtures of different PAHs 4 . Examples of human sources of exposure to
PAHs include industrial or urban air pollution, automobile exhaust emissions, tobacco smoke, coal tar, as well as charred or grilled food and cereals 2, 3, 8 . Experimental animal studies have demonstrated the mutagenic and carcinogenic properties of a number of different PAHs and also provided evidence for differences in their carcinogenic potency [9] [10] [11] . The tumour initiating activity of PAHs is related to their ability to form DNA adducts following metabolic activation to reactive intermediates.
One activation pathway is mediated by the combined action of the cytochrome P450 enzymes, predominantly CYP 1A1 and CYP 1B1with microsomal epoxide hydrolase (EHPX1) which results in the formation of the ultimate electrophilic reactive species, a PAH-dihydrodiol epoxide. 12 This can react with the exocyclic amino groups of guanine (N 2 ) adenine (N 6 ) and cytosine (N 4 ) in DNA (Figure 1 ) [13] [14] [15] . In addition planar PAHs can cause induction of P450 enzymes by binding the cytosolic aryl hydrocarbon receptor. This complex dimerises with the aryl hydrocarbon nuclear translocator, which on entering the nucleus binds to xenobiotic response elements upstream of cytochrome P450 genes resulting in their transcription. 16 The interaction of different PAHs may lead to additive, synergistic or antagonistic effects, resulting in changes in processes such as metabolism and DNA repair with the consequence of an altered carcinogenic outcome when compared to exposure to a single PAH. [17] [18] [19] [20] [21] [22] Furthermore weakly or non-carcinogenic PAHs present in mixtures can alter the DNA adduct formation activity of a single PAH in animals. 23 The simultaneous determination of multiple PAH DNA adducts via a targeted DNA adductomics approach would allow for the profiling and assessment of exposure to mixtures of PAHs and potentially provide insight into the mechanism of cancer induction.
The 32 P postlabelling method has been the most widely used method for the detection of PAH DNA adducts in animal and human tissues offering the advantage that only small amounts of the DNA sample are required for analysis and also that it allows multiple adducts to be detected [24] [25] [26] . For human DNA analysis, mixtures of adducts are detected as a "diagonal radioactive zone" which represents a smear of radioactivity on thin layer chromatography plates. 27 Immunological methods employing antibodies recognising PAH DNA adducts, in combination with fluorescence or chemiluminescence as well as immunohistochemical detection, have also been used for the screening of PAH DNA adducts in human tissues 5, 26, 28, 29 . The main disadvantage of these methods is that they lack specificity. Due to sufficient gains in sensitivity from the advancement of instrumentation, liquid chromatography 
Reaction of calf thymus DNA with different PAH-dihydrodiol epoxides
To four 25 mg aliquots of calf thymus DNA (1mg/mL) dissolved in 0. 
Determination of PAHDE-dN LC-MS/MS CID product ion spectra
The 
Determination of PAHDE-dN adducts using online column-switching LC-MS/MS
The online column switching valve system consisted of an automated switching valve Constant neutral loss analysis: ESI-MS/MS constant neutral loss (CNL) scanning was performed from m/z 500 to 650 monitoring the neutral loss of 116 u following CID. The scan time was set to 0.5 s and the resolution was two m/z units at peak base.
The data were acquired in centroid mode.
Data analysis: Raw data files were transformed into netCDF files using the Databridge utility within MassLynx (version 4.1). Peak picking and integration was performed with XCMS software version 1.18.0. 47 . Unless stated otherwise, default parameter settings were used. Peaks were extracted using the "matchedFilter" method. 
Results

PAHDE-dN LC-MS/MS CID product ion spectra
The calf thymus DNA samples treated separately with four different PAH-dihydrodiol epoxides, were enzymatically hydrolysed to 2′-deoxynucleosides and subjected to analysis using LC-ESI-MS/MS CID for the predicted [M+H] + molecular ion of the exocyclic amino group PAH-dihydrodiol epoxide adduct for each 2′-deoxynucleoside.
The PAHDE-dN adducts eluted between 20 and 30 min following analysis by LC-ESI-MS/MS CID. The product ion spectra for each PAHDE-dN are shown in Figure   3 . The different PAHDE-dN exhibited a common CID fragmentation pathway. Figure 4 .
Online column-switching LC-MS/MS analysis of PAHDE-dN adducts
Initial experiments involved optimisation of the mobile phase conditions for the separation of unmodified 2′-deoxynucleosides from PAHDE-dN on the trap column.
A gradient separation with a mobile phase consisting of 0.1% formic acid and acetonitrile was found to give the optimal separation with the different PAHDE-dN eluting between 24 to 32 min from the trap column. The online column-switching valve system was configured as shown in Figure 2 and the valve was switched to position 2 at 22 min following injection of the sample, which allowed for the unmodified 2′-deoxynucleosides plus any other matrix impurities that may be present to be eluted to waste, while PAHDE-dN were back-flushed onto the analytical column for analysis using the mass spectrometer.
The enzymatically hydrolysed PAH-dihydrodiol epoxide modified calf thymus DNA samples were analysed using SRM with transitions derived from the LC-MS/MS CID product ion spectra described above. Typical online column-switching LC-MS/MS SRM ion chromatograms are shown in Figure 5 . Multiple peaks corresponding to structural stereoisomers were detected for each PAHDE-dN adduct since the calf thymus DNA was treated with racemic mixtures of PAH-dihydrodiol epoxides. No observable peaks were detected in enzymatically hydrolysed control calf thymus DNA that was not exposed to any of the PAH-dihydrodiol epoxides. 
Comparison of different mass spectrometric operating modes for the analysis of PAHDE-dN adduct mixtures
In order to compare different mass spectrometric operating modes the mixture of the enzymatically hydrolysed PAH-dihydrodiol epoxide modified calf thymus DNA samples was analysed using optimised SRM transitions for the most abundant product 
